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In mammalian cells, the predominant pathway of chromosomal integration of exogenous DNA is random or
illegitimate recombination; integration by homologous recombination is infrequent. Homologous recombina-
tion is initiated at double-strand DNA breaks which have been acted on by single-strand exonuclease. To
further characterize the relationship between illegitimate and homologous recombination, we have investigated
whether illegitimate recombination is also preceded by exonuclease digestion. Heteroduplex DNAs which
included strand-specific restriction markers at each of four positions were generated. These DNAs were
introduced into mouse embryonic stem cells, and stably transformed clones were isolated and analyzed to
determine whether there was any strand bias in the retention of restriction markers with respect to their
positions. Some of the mismatches appear to have been resolved by mismatch repair. Very significant strand
bias was observed in the retention of restriction markers, and there was polarity of marker retention between
adjacent positions. We conclude that DNA is frequently subjected to 5'—3’ exonuclease digestion prior to
integration by illegitimate recombination and that the length of DNA removed by exonuclease digestion can be
extensive. We also provide evidence which suggests that frequent but less extensive 3’ =5’ exonuclease pro-

cessing also occurs.

Most DNA introduced into mammalian cells is lost; that
which is stably maintained is usually retained by virtue of its
integration into nonhomologous chromosomal DNA sites by
so-called illegitimate recombination. If the exogenous DNA
includes sequences which are homologous with chromosomal
sequences, a small minority of cells which integrate DNA will
do so by homologous recombination. The practical application
of homologous recombination between exogenous DNA and a
chromosomal target (gene targeting) is making an enormous
impact on mouse molecular genetics (4, 5). Highly efficient
gene targeting would provide the ideal form of gene therapy,
allowing deleterious mutations to be corrected rather than
merely compensating for them (42), but at present the effi-
ciency of gene targeting is several orders of magnitude too low
for this to be feasible. Improvements in the frequency of ho-
mologous recombination and reductions in the proportion of
integration which occurs by illegitimate recombination would
be required before homologous recombination could be used
for gene therapy. For such improvements to be made, it will be
important to understand the mechanisms of gene targeting and
illegitimate recombination and the relationships between these
processes.

There have been numerous studies of the mechanism of
homologous recombination in mammalian cells. In many cases,
the recombination substrates were introduced into cells to-
gether; in these studies, homologous recombination occurs ef-
ficiently and prior to chromosomal integration (1, 6, 20). In
contrast with gene targeting, such extrachromosomal homolo-
gous recombination is efficient. The mechanism of extrachro-
mosomal homologous recombination is different from that of
chromosomal homologous recombination and can best be ex-
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plained by the single-strand annealing model (20). Briefly, dou-
ble-stranded ends of extrachromosomal recombination sub-
strates are processed by single-strand exonucleases which
expose complementary single strands which anneal; this is fol-
lowed by filling in of single-strand gaps and ligation. In prin-
ciple, the single-strand annealing pathway of homologous re-
combination can operate if the polarity of exonuclease
digestion of both substrates is either 5'—3" or 3'—5'. In both
yeast cells and Xenopus oocytes, 5'—3" exonuclease degrada-
tion has been found to accompany recombination by the single-
strand annealing pathway (10, 23, 24).

The best model of chromosomal homologous recombination
is the double-strand break (gap) repair model of Szostak et al.
(38). In this model, recombination is initiated at a double-
strand break or gap in one of the recombination substrates,
which is enlarged by 5'—3’ exonuclease. One of the single-
stranded 3’ tails invades the duplex of the other substrate and
primes DNA synthesis, creating a D loop. The other 3’ single-
stranded tail anneals to the displaced single strand and primes
DNA synthesis. Ultimately, two Holliday junctions are formed,
which are resolved to give recombinant or nonrecombinant
products. In yeast, meiotic homologous recombination is initi-
ated at double-strand breaks (36) which are processed by
5'—3" exonuclease degradation (37), as predicted by the dou-
ble-strand break (gap) repair model (38). The available evi-
dence indicates that gene targeting by insertion vectors in
mammalian cells proceeds by a mechanism broadly similar to
that involved in yeast homologous recombination (41). A com-
mon feature of the mechanisms of chromosomal and extra-
chromosomal homologous recombination is the processing of
double-stranded DNA ends by single-strand exonuclease di-
gestion.

During gene targeting, nonhomologous DNA is removed
from the ends of targeting vectors (17, 22). We have previously
shown that during insertion targeting, this is due to exonucle-
ase removal of one or (probably) both strands (17). In contrast,
a number of studies found that DNA which has been inte-
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grated by illegitimate recombination is largely intact, with very
little loss of sequence from the ends of the molecules (11, 21,
30, 39, 40). While this might give the impression that there is
no removal of DNA from the ends of the molecules prior to
integration by illegitimate recombination, it is also possible
that the DNA is subjected to single-strand exonuclease degra-
dation followed by resynthesis.

The experiments presented here were designed to investi-
gate whether DNA integrated by illegitimate recombination
was processed by exonuclease degradation prior to integration.
We prepared heteroduplex DNA in which the two strands
differed at a number of restriction sites; these heteroduplexes
were introduced into cells, and clones which were obtained
were analyzed for the presence or absence of the restriction
markers. We have found that a substantial proportion of DNA
ends are extensively digested by a 5'—3’ exonuclease prior to
integration. The data further suggest that a similar proportion
of ends are subjected to 3'—5' exonuclease digestion, although
less extensively.

MATERIALS AND METHODS

Vector construction and preparation of heteroduplexes. The BssHII site in the
coding sequence of the neomycin resistance gene (neo) of pMClneoPolA(C)
(17) was destroyed while preserving the coding potential, by oligonucleotide-
directed mutagenesis using the Altered Sites II system (Promega). The XhoI-Sall
neo cassette was blunted and inserted into the blunted BamHI site of pBlue-
scriptIl KS(+) (Stratagene) which had previously had its EcoRI site destroyed by
filling in and recircularization. The 1,777-bp Xbal-Apal fragment of the sheep
B-lactoglobulin gene (GenBank accession no. X12817) was blunted and inserted
into the EcoRV site in the pBluescriptIl KS(+) polylinker, and the 1,884-bp
Ncol B-lactoglobulin fragment was filled in and inserted into the filled in Xbal
site of the polylinker. The construct was linearized at the Clal site in the
polylinker (position D), and the ends were partially filled in with the Klenow
fragment of DNA polymerase I and dCTP; linkers which include EcoRI (GCG
GAATTCCG) or Sacl (GCGGAGCTCCG) sites were ligated into the filled in
Clal site. The resulting constructs were linearized at the BclI site in the Xbal-
Apal B-lactoglobulin fragment (position C) and partially filled in with dGTP
before insertion of Pvull (ATCGCCAGCTGGC) or Ndel (ATCGCCATATG
GC) linkers. BamHI (CGGGATCCCG) or Kpnl (CGGGTACCCG) linkers
were inserted into the Nrul site in the Ncol B-lactoglobulin fragment (position
B), and Bcll (CCGGTGATCACC) or BsrGI (CCGGTGTACACC) linkers were
inserted into the NofI site in the polylinker (position A), after filling in of the
vector ends with dGTP. All linker insertions were verified by sequencing. The
two vectors obtained, designated P6 and N3, have the Bc/l, BamHI, Pyull, and
EcoRI linkers and the BsrGI, Kpnl, Ndel, and Sacl linkers, respectively; these
vectors give the neo antisense strand after single-strand rescue. P6 and N3 were
digested with BssHII to excise the entire inserts (including polylinkers) and
recloned into BssHII-digested pBluescriptIl KS(+) to obtain the identical se-
quences in inverted orientation (P2 and N2, respectively), which give the neo
sense strand after single-strand rescue.

Single-stranded DNA from each construct was rescued following infection
with R408 helper phage and purified by the methods recommended by Strat-
agene. To excise the inserts from single-stranded N3 and P6, the regions around
the BssHII sites were made double stranded by annealing the circular single-
stranded DNA with 18-nucleotide oligonucleotides complementary to the re-
striction sites and neighboring sequences, followed by digestion with BssHIIL.
Circular single-stranded DNA was mixed with oligonucleotides TTAATTGCG
CGCTTGGCG and CAGTGAGCGCGCGTAATA in 50 pl of BssHII reaction
buffer (100 mM NaCl, 10 mM bis Tris propane-HCl, 10 mM MgCl,, 1 mM
dithiothreitol [pH 7.0] at 25°C), heated to 75°C for 5 min, and allowed to cool
slowly to room temperature; the annealed DNA was digested with BssHII at
50°C. The same procedure was adopted for clones N2 and P2 except that
oligonucleotides TATTACGCGCGCTTGGCG and CAGTGAGCGCGCAAT
TAA were used. To generate the heteroduplex and homoduplex DNAs, the
digested single-stranded DNAs were mixed in equimolar amounts in the appro-
priate combinations, heated to 75°C, and allowed to cool slowly to room tem-
perature. The annealed double-stranded DNA was gel purified by using Gene-
clean (Bio 101), quantitated, and used for electroporation of embryonic stem
(ES) cells.

Cell culture. The mouse ES cell line E14 (13) was used throughout these
experiments, cultured as previously described (17) except that 10% ES-qualified
fetal calf serum (Life Technologies) was used. Cells at 10° ml~" in phosphate-
buffered saline were mixed with DNA (0.3 pg ml™ ") and electroporated at 800
V (2,000 V em ™) and 3 pF. After 10 min at room temperature, the cells were
dispersed in complete medium at 10° ml~! and plated in 6-cm-diameter petri
dishes (5 X 10° per dish). Selection (0.3 mg of Geneticin ml~') was applied the
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following day, and colonies were picked after 10 to 13 days of selection and
expanded for DNA preparation.

DNA analysis. DNA was isolated from confluent 24-well plates by the method
of Laird et al. (18) or by using a Puregene kit. The patterns of retention of
restriction markers were analyzed by PCR amplification of short DNA segments
flanking each marker position, followed by restriction digestion. PCR products were
digested under the recommended conditions except that the PCR products were
included in the digests without removal of any of the components of the PCRs.

Statistical analysis. Statistical analysis was performed as described by Siegel
(35), using the x? test; for the analysis of 2 X 2 contingency tables, Yates’
correction for continuity was applied.

RESULTS

Experimental design. To test the hypothesis that DNA is
subjected to frequent single-stranded exonucleolytic degrada-
tion prior to nontargeted integration, we used heteroduplex
DNA molecules which included the selectable neo gene and in
which the two strands were distinguished by restriction site
differences.

Constructs were built such that neo was placed centrally,
with 1.8 and 1.9 kb of stuffer DNA on either side, into which
the restriction markers were placed. In this way, we ensured
that neo was perfectly matched in the heteroduplexes and that
the data would not be biased because of damage to the gene.
The restriction markers were placed at four positions in the
constructs, two on either side of neo: constructs which had one
set of restriction markers or another (P and N sets) were built;
the restriction markers were chosen such that at each position,
the differences between the markers would be in the central
dinucleotide of each restriction recognition sequence. On ei-
ther side of neo, one marker was placed close to neo (1.4 kb
from the nearest end), and one lay very close (<100 bp) to the
end of the fragment after excision from the vector backbone.
The excised fragments were roughly symmetrical with respect
to the positions of the polymorphic restriction sites. Single-
stranded DNA was prepared from these clones, and the inserts
were excised and annealed to give heteroduplexes which have
mismatches at each of the four restriction sites. To control for
any strand-specific effects, the two reciprocal heteroduplexes
(N2/P6 and P2/N3) were prepared; the two homoduplexes
(N2/N3 and P2/P6) were generated by the same procedure and
used as controls; double-stranded insert from plasmid N2 was
used as a further control. The structures of the heteroduplexes
and homoduplexes are depicted in Fig. 1. Each of these DNAs
was separately introduced into mouse ES cells.

Following electroporation of the heteroduplexes and selec-
tion for G418 resistance, colonies were picked and expanded.
DNA from each clone was amplified by PCR, using primers
which flank each of the four polymorphic restriction sites, and
digested with the appropriate restriction enzymes. Following
electroporation with heteroduplex DNA, 58 and 90 clones
were derived (N2/P6 and P2/N3 heteroduplexes, respectively);
8 and 6 clones were derived from the homoduplexes (N2/N3
and P2/P6, respectively), and 32 clones were derived from the
N2 double-stranded insert. In the majority of clones, it appears
that there was loss of terminal sequences prior to integration:
from most clones, we consistently failed to obtain a specific
PCR product from one or both ends (Table 1). This was the
case with the original primer sets, in which the 5’ ends of the
most terminal primers were 0 and 8 bp from the ends of
molecules which were electroporated into cells; almost identi-
cal results were obtained with primers of which the 5’ ends
were 18 and 22 bp from the ends. Only 18 clones (~9%)
appeared to have integrated full-length construct. The fre-
quent loss of terminal sequences was common to heteroduplex
DNA-derived clones, the clones derived from the control ho-
moduplexes N2/N3 and P2/P6, and those derived from the
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Positions A B C D
N2/P6
5' BarGl Kpnl Ndel Saci 3" (N2 strand)
BssHII [ —» | BssHII
\-I [ Neo | |-/
| |
3'Bell BamHI Pvull EcoRI 5' (P6 strand)
P2/N3
5'Bell BamHI Pvull EcoRl 3' (P2 strand)
BssHII | > I BssHII
NI [ Neo | |
| [
3' BstGl Kpnl Ndel Sacl 5' (N3 strand)
N2/N3
5'BsiGI Kpnl Ndel Sacl 3" (N2 strand)
BssHII —» BssHII
N [ Neo | 1V
i
3' BsiGI Kpnl Ndel Sacl 5' (N3 strand)
P2/P6 5'Bell BamHI Pvull EcoRI 3' (P2 strand)
BssHII | —» | BssHII
| Neo |
] I
3'Bcll BamHI Pyull EcoRI 5' (P6 strand)
Positions A B C D
N2 5'..TA.....TA......TA.....GC..3'
P6 3'..T7A.....TA......CG.....TA..5'
P2 5'..AT.....AT.....GC.....AT..3"'
N3 3'..AT.....AT.....AT.....CG..5'

FIG. 1. DNAs electroporated into cells. (A) Gross structures of the hetero-
duplexes and homoduplex DNAs which were introduced into ES cells. The
double-stranded DNA excised from plasmid N2 has the same structure as the
N2/N3 homoduplex except that both strands were derived from N2. Upstream of
neo, the Bell and BsrGI restriction markers (position A) are 59 bp from the ends
and the BamHI and Kpnl markers (position B) are 1.4 kb from the ends;
downstream of neo, the Pvull and Ndel markers (position C) are 1.4 kb from the
ends and the EcoRI and Sacl markers (position D) are 72 bp from the ends
(distances are given from the closest end). The empty boxes represent the stuffer
fragments from the sheep B-lactoglobulin gene. The arrows indicate the direction
of neo transcription. (B) Mismatches incorporated into the heteroduplex DNAs.

double-stranded N2 insert, indicating that the loss of terminal
sequences was not caused by the mismatches. Similarly, the
frequencies of loss of internal markers were similar for the
clones obtained with each of the DNAs (Table 1).
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Position: B C B C
P2 p___P 3 5 N __.N 3 N2
N3 3 ,N/ \z\ s 3 ’P/ \li\ 5 P6
P —=P P P
P P P P
No. of clones 18 63 45 24
N =N N N
N N N N
No. of clones 55 13 7 30

FIG. 2. Retention of markers at positions B and C. The heteroduplexes are
represented in the top line; the polarities of the DNA strands are shown, and the
mismatches at positions B and C only are indicated. The lower two lines show the
structures and the numbers of clones which have retained N- or P-strand-derived
markers at positions B and C. The arrows indicate the direction of transcription
of neo.

In the vast majority of cases (91%), the PCR products were
cut to completion by one restriction enzyme and were not cut
by the other. In each of the clones in which PCR products were
cut by both enzymes, other positions clearly possessed one
marker or the other. At one position of each of two clones,
neither restriction enzyme cut the PCR products. Southern
blot analysis of 34 representative clones indicated that in each
case, a single copy of the DNA was integrated (data not
shown). Together, these findings are entirely consistent with
single copies of the DNA being integrated into the host cell’s
genome in the majority of cases. A number of conclusions can
be drawn from the frequencies with which one or other of the
restriction enzyme recognition sequences is retained along
with the patterns of retention of sequences at different posi-
tions. Because of the predominant loss of terminal sequences,
the sample sizes for the internal positions (B and C) are great-
est, and these data are considered first.

Nonrandom loss of markers at internal positions. Figure 2
summarizes the data from positions B and C, considered in-
dependently of any other positions. The numbers of clones
which retain the P-strand and the N-strand restriction markers
are shown for each position and for each heteroduplex. For
example, taking position B and heteroduplex P2/N3, 18 clones
retained the P-strand marker and 55 retained the N-strand
marker; this is a significant deviation from the frequencies
expected if there was no bias in the loss or retention of markers
from the different strands (P < 0.001). At position C of het-
eroduplex P2/N3, the P-strand marker was preferentially re-
tained (P < 0.001), as was the P-strand marker at position B of

TABLE 1. Frequencies of retention of DNA at each of the marked positions

No. of clones which retained sequences” (%)

DNA Total no.

Position A Position B Position C Position D of clones
Heteroduplex N2/P6 19 (33) 56 (97) 58 (100) 14 (24) 58
Heteroduplex P2/N3 27 (30) 81 (90) 79 (88) 24 (27) 90
Homoduplex N2/N3 0(0) 6° (86) 7% (100) 2(25) 8
Homoduplex P2/P6 1(17) 5(83) 5(83) 2(33) 6
N2 double-stranded insert 9(28) 26 (81) 26 (81) 8(25) 32

“ Number of clones which gave a product of the expected size following PCR of genomic DNA.

b Seven clones analyzed.
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Position: B C B C
p2 S P P 3 5 N N 3 \2
N3 3 ,N/ \N\ 5 3 )P/ P 5 P6
PN NP N—»P PN
P N N P N P P N
No. of clones 3 37 3 21
PP Ne=N NN Pr»P
P P N N N N P P
No. of clones 15 10 4 20

FIG. 3. Polarity in the retention of markers at positions B and C. The het-
eroduplexes are represented in the top line; the polarities of the DNA strands
are shown, and the mismatches at positions B and C only are indicated. The
arrows indicate the direction of transcription of neo.

heteroduplex N2/P6 (P < 0.001). At position C of heterodu-
plex N2/P6, there was no significant strand bias (0.3 < P < 0.5).

Analysis of both heteroduplexes together allows us to dissect
the results for effects which are related to the positions and
effects related to the sequences of the two strands. This anal-
ysis reveals that the markers closest to the 5’ end of each strand
are preferentially lost for each of positions B and C (P < 0.001
for both). The analysis further shows that there is no strand
specificity for P- or N-strand markers at position B (0.1 <P <
0.2) but that at position C, there is a significant preference for
the retention of the P-strand marker (P < 0.005). The prefer-
ential loss of markers closest to the 5’ ends is consistent with
5'—3" exonuclease digestion; the P-strand preference at posi-
tion C is discussed below.

If 5'—=3" exonuclease does digest transforming DNAs, it is
predicted that there should be polarity in the loss or retention
of sequence: in individual DNA molecules, more 3’ markers
are predicted to be retained more frequently than 5" markers.
The informative clones in this respect are those which have
retained markers which were derived from different strands of
the heteroduplexes at two positions. The data on the patterns
of retention of the P- and N-strand markers at positions B and
C are shown in Fig. 3. In those clones which have retained
sequences from different strands at positions B and C, the
sequences closest to the 3’ end of each strand are retained
preferentially over the sequences closest to the 5’ end of each
strand. The preference for retention of 3’ markers is significant
for each heteroduplex (P < 0.001 for both), as expected from
the analysis of positions B and C independently. Analysis of the
combined data for the two reciprocal heteroduplexes confirms
that the bias in retention of markers is due to the polarity of
the DNA (P < 0.001) and not because of sequence effects
(0.8 <P <0.9).

These results are consistent with the prediction that the
heteroduplexes were processed by 5'—3’ exonuclease. The
degree of polarity is almost exactly that predicted from the
analysis of positions B and C independently (0.5 < P < 0.7 for
each heteroduplex).

No strand preference in the maintenance of terminal mark-
ers. In most clones, we reproducibly failed to amplify the
sequences from positions A and D. Because of the small sam-
ple size, the data from both ends of both heteroduplexes have
been analyzed together for any strand preference effects. In the
clones which had incorporated the terminal sequences, there

MoL. CELL. BIOL.

TABLE 2. Frequencies of retention of markers at
terminal positions

No. of clones
Marker retained

Position A Position D
Heteroduplex N2/P6
N 6% 7h
P 8 6!
Heteroduplex P2/N3
N 8 8¢
P 12¢ 14°

“In the heteroduplex, the retained marker was closer to the 5" end of the
strand.

In the heteroduplex, the retained marker was closer to the 3’ end of the
strand.

was no evident preference for maintenance of one strand or
the other (Table 2): in 32 cases the 5'-end-derived markers
were retained, whereas 37 clones retained 3’-end-derived se-
quences (0.5 < P < 0.7). The data have been examined for any
evidence of polarity between the terminal markers and the
adjacent internal markers (i.e., between positions A and B and
between positions C and D together). Although there was no
preferential retention of either strand at positions A and D,
there is evidence for polarity between these markers and in-
ternal markers (Table 3), with markers close to the 5’ end of
the DNA strand being retained preferentially (16:5, P < 0.02).
This is the opposite of the polarity predicted if the heterodu-
plex DNAs had been subjected to 5'—3" exonuclease diges-
tion. These data are clearly at odds with those from internal
positions and suggest the existence of different pathways in the
processing of the transforming DNAs.

TABLE 3. Polarity of retention of markers between terminal and
adjacent internal positions

No. of clones

Marker retained

Positions Positions
A and B D and C
Heteroduplex N2/P6
5/5!(1 3e 211
5'3" 3 2
3'5'¢ 0 3
3/3/d 7h 3e
Heteroduplex P2/N3
5'50 2" 4
51370 78 4
3'5'¢ 2 0
3/3/d Se 11}1

“In the heteroduplex, both the retained terminal marker and the retained
internal marker (position B or C) were closer to the 5" end of the strand.

?1In the heteroduplex, the retained terminal marker (position A or D) was
closer to the 5’ end of the strand, and the retained internal marker (position B
or C) was closer to the 3" end of the strand.

¢In the heteroduplex, the retained terminal marker (position A or D) was
closer to the 3’ end of the strand, and the retained internal marker (position B
or C) was closer to the 5" end of the strand.

41In the heteroduplex, both the retained terminal marker and the retained
internal marker (position B or C) were closer to the 3" end of the strand.

¢ N-strand marker at both positions.

/N-strand marker at position A and P-strand marker at position B.

& P-strand marker at position A and N-strand marker at position B.

/' P-strand marker at both positions.

 N-strand marker at position C and P-strand marker at position D.

J P-strand marker at position C and N-strand marker at position D.
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TABLE 4. Frequencies of retention of markers at internal positions
in subsets of clones which have lost or retained the adjacent
terminal markers

No. of clones

Flanking marker

Marker retained Flanking marker lost

retained
Position B Position C  Position B Position C

Heteroduplex N2/P6

N 34 23b 44 717

P 31° 19¢ 14> 54
Heteroduplex P2/N3

N 42° 87 13% 54

p 9 47" 9 16"

“In the heteroduplex, the retained marker was closer to the 5’ end of the
strand.

”1n the heteroduplex, the retained marker was closer to the 3’ end of the
strand.

If different pathways of DNA processing exist, we would
predict that the internal positions would behave differently
when the external markers are retained or are lost. The data
are summarized in Table 4. At position B, there is a significant
difference between the subsets in this respect (P < 0.05). De-
spite this, there is a significant preference for retention of
3’-end-derived markers both in the subset of clones which have
lost the sequences at position A (P < 0.001) and in those which
have retained sequences at position A (P < 0.05). The mag-
nitude of the excess of 3’-end-derived markers is greater in the
subset of clones which lost the sequences at position A. At
position C, there is no significant difference between the two
subsets of data (0.9 < P < 0.95). At this position, there is a
significant preference for retention of 3’-end-derived markers
in those clones which lost the sequences at position D (P <
0.001) but not in those which retained sequences at position D
(0.05 < P < 0.1). The previously identified bias toward reten-
tion of the P-strand marker at position C is expected to reduce
the sensitivity of these comparisons and may explain the dif-
ferences between the results for positions B and C.

DISCUSSION

There are three broad mechanisms which could be involved
in the removal of mismatches in heteroduplex DNA: repair,
5'—3" exonuclease digestion, and 3’'—5" exonuclease diges-
tion. Additionally, it is possible for heteroduplexes to remain
unchanged until replicated. Mismatches which are resolved by
replication after DNA integration would give rise to a mixed
population of cells with one or other marker. From the data we
present, it is clear that there is very significant nonrandomness
in the loss and retention of sequences following integration
into the ES cell genome. The use of heteroduplexes prepared
from defined single strands and repeating the experiments with
the reciprocal heteroduplexes were critical elements of the
experimental design. The data allow effects to be attributed
unequivocally to the locations of the sequences with respect to
the 5’ and 3’ ends of the DNA strand (independent of the
nature of the sequence) and, in one case, to the nature of the
sequences (independent of the location). The data suggest
multiple pathways of heteroduplex DNA processing, including
mismatch repair and 5'—3" and 3'—5' exonuclease degrada-
tion.

DNA repair. Mismatched bases on complementary DNA
strands normally arise in a number of ways, and mechanisms
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exist for the correction of such mismatches (28, 29), the pre-
dominant mechanism being known as mismatch repair. Mis-
match repair in eukaryotes appears to be performed by a
pathway similar to that in Escherichia coli (8). Following the
detection of a mismatch, repair is initiated by a single-strand
nick which may be 5" or 3’ of the mismatch. In both E. coli and
human cells, the single-strand nick is expanded to a gap by
either 5'—3’ or 3'—=5' exonuclease; in human cells, the exci-
sion tract terminates 90 to 170 nucleotides beyond the position
of the mismatch (8) and the gap is filled by resynthesis. In
mammalian cells, G-T mismatches (which are continually gen-
erated by deamination of 5-methyl cytosine) are efficiently
repaired with a strong preference for repair to G-C (2). Other
mispairs have been found to be repaired with variable efficien-
cies and, when the mispair includes a G or a C, with bias
toward G-C (3).

The preferential loss of markers closer to the 5" ends of the
DNA molecules at internal positions cannot be explained on
the basis of mismatch repair. Despite this, the evidence sug-
gests that mismatch repair did occur in some of the clones. In
9 of 49 informative clones, a marker for one strand is flanked
by markers derived from the other strand (P-N-P or N-P-N).
These patterns cannot be explained solely by exonuclease deg-
radation or replication. The simplest explanation of these pat-
terns is that the central mismatch has been repaired in these
clones. In addition, the preferential retention of P-strand
markers at position C is consistent with preferential mismatch
repair.

At position C, the mismatches were

5'--GC--3’
| |

3'--AT--5'

with the upper line representing the P strand. Brown and
Jiricny (3) found that G-A mismatches are repaired to G-C
about twice as frequently as to T-A and that C-T is repaired to
C-G fivefold more often than to A-T. If correction of dinucle-
otide mismatches has specificity similar to that of repair of
single-base mismatches, mismatch repair would strongly favor
correction to the P-strand sequence at position C. Thus, the
most likely explanation of the preferential retention of the
P-strand marker at position C is directional mismatch repair.
The P-strand preference at this position was superimposed on
another source of nonrandomness (see below), resulting in
exaggerated preference for the P-strand marker at this position
in the P2/N3 heteroduplex and no apparent preference in the
N2/P6 heteroduplex.

From the data for the other three positions, there is no
evidence for the occurrence of directional mismatch repair. At
both positions A and B, the mismatches were

5'--AT--3'
||
3'--AT--5'

and so directional mismatch repair would not be expected. At
position D, the mismatches were

5'--AT--3'
| |
3'--CG--5'

which does have the potential for directional mismatch repair,
favoring the N (lower) strand; there was no evidence for pref-
erential retention of N-strand sequences. Position D is very
close to the end of the DNA molecule, and it may be that the
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mismatched bases were rapidly removed by exonuclease diges-
tion (see below).

In contrast to mismatch repair, excision repair (14) is re-
sponsible for the elimination of genetic damage such as T-T
dimers, abasic sites, and DNA adducts. Excision repair cannot
account for any of the nonrandomness that we have observed
in the processing of heteroduplex DNAs: resolution of mis-
matches by this pathway is very inefficient (15), strand-specific
differences in excision repair have been found only within
transcription units (25), and the mechanism by which strand-
specific excision repair is initiated (7) would not operate on
mismatched bases.

5'—3’ exonuclease digestion of transforming DNA. There
are two lines of evidence which show that the transforming
DNA is subjected to 5'—3" exonuclease degradation: the ex-
cessive loss of the markers at internal positions which are
closer to the 5’ ends of the DNA strands, and the polarity
between the internal positions in the loss of markers. The
amount of DNA removed by exonuclease digestion must be
extensive because the restriction markers at positions B and C,
with which the 5'—3’ exonuclease degradation was detected,
are 1.4 kb from the ends of the DNA molecules. There are,
however, clear limits to the extent of exonuclease degradation
which is compatible with the data. In an extreme case, exonu-
clease digestion would degrade a complete strand, leaving the
other strand intact. While single-stranded DNA has been
shown to be competent for stable transformation (31), if one or
other strand were completely removed, no strand preference
or polarity would have been observed. While it is not possible
to estimate from the data what proportion of ends are pro-
cessed by 5'—3" exonuclease digestion, it is clear that a sub-
stantial fraction of (perhaps most) DNA molecules are pro-
cessed in this manner. Presumably, given that exonuclease
digestion was frequent, a proportion of DNA molecules were
subjected to degradation at both ends.

Additional pathways of DNA processing. The predominant
loss of terminal sequences observed is at odds with previous
data which indicate that terminal sequences are generally pre-
served with little or no loss (11, 21, 32, 39, 40). In the experi-
ments reported here, if more than about 20 bp of DNA were
lost from the ends of the integrated DNA, we would fail to
amplify the terminal markers by PCR, and it is possible that
this is the explanation of the discrepancy. The finding that the
heteroduplexes, the control homoduplexes, and the control
double-stranded insert all behave similarly in this respect
shows that this loss of sequences is not an artifact of the use of
mismatched DNAs or of the method of preparation of the
heteroduplexes.

Where the terminal sequences were retained, the data for
the terminal positions alone provide no evidence for exonucle-
ase digestion. There are a number of ways in which this ob-
servation can be explained. First, rapid integration may have
occurred, such that there was no opportunity for exonuclease
processing of the DNA before its incorporation into chromo-
somal DNA. Alternatively, the DNA ends may have been pro-
tected from exonuclease action. In this respect, it is interesting
that there are at least two abundant nuclear proteins which
have DNA end-binding activity: both poly(ADP-ribose) poly-
merase and Ku protein bind to double-stranded DNA ends
(27, 34) and protect bound DNA ends from nucleases (12, 27,
34). Both poly(ADP-ribose) polymerase (9, 43) and Ku protein
(16) have been reported to be involved in nonhomologous
recombination. Either or both of these proteins could protect
DNA ends from exonuclease attack prior to chromosomal in-
tegration.

While we cannot exclude the possibility that a proportion of
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DNA ends are protected from exonuclease attack by such
proteins, the data are inconsistent with such protection of all
DNA ends in the subsets of clones in which the terminal
positions are retained. One further possibility to explain the
lack of any apparent strand bias at terminal positions is that
3'—5'" exonuclease digestion occurs at a frequency which is
similar to that of 5'—3" exonuclease digestion. The polarity
observed between the terminal markers and the internal mark-
ers supports this hypothesis. To be consistent with the data,
there would have to be significant differences in the lengths of
the tracts degraded by the 5'—3" and 3'—5' exonucleases. A
major difference between the products of 5'—3’ exonuclease
and of 3'—=5" exonuclease digestion is that 3'—5" exonuclease-
digested DNA leaves a 5’ single-stranded overhang which
could be filled in by resynthesis prior to chromosomal integra-
tion. Thus, it may be that shorter regions of DNA are lost by
3'—5" exonuclease digestion because the removal of DNA is
balanced by resynthesis. The data from clones which have
retained terminal sequences indicate (i) no strand preference
at terminal positions, (ii) processing by 5'—3’ exonuclease
(excess of 3'-end-derived markers at position B), and (iii) pro-
cessing by 3'—5" exonuclease (polarity between the terminal
and adjacent markers). These data can be reconciled if (in at
least some cases) 3'—5" exonuclease digestion and resynthesis
preceded more extensive 5'—3’ exonuclease digestion.

In the majority of clones, the terminal sequences were lost.
Possible mechanisms by which the loss occurred are double-
strand endonuclease cleavage, 5'—3’ exonuclease digestion
past a nick in the other strand, and exonuclease digestion of
both strands. Given the evidence for processing by both 5'—3’
and 3'—5’ exonucleases, the loss of terminal DNA sequences
prior to integration may be due to exonuclease degradation of
both strands, although other mechanisms cannot be excluded.

DNA processing and illegitimate and homologous recombi-
nation. Results from a number of systems indicate that chro-
mosomal and extrachromosomal homologous recombination
are initiated by 5'—3’ exonuclease degradation of DNA at a
double-strand break. The data presented here extend these
findings to show that prior to illegitimate recombination, DNA
is frequently subjected to 5'—3’ exonuclease digestion. Exam-
ination of the sequences of DNAs joined by illegitimate re-
combination has shown that frequently there are short regions
of homology between the parent DNA molecules at the junc-
tion points (19, 26, 33). Illegitimate recombination in such
cases probably proceeds by a mechanism analogous to the
single-strand annealing pathway of homologous recombination
but in which exposed single strands anneal at regions of very
limited homology (19, 26, 30). The data presented here suggest
that illegitimate recombination mediated by single-strand an-
nealing of short homologies follows 5'—3" exonuclease diges-
tion.

Failure of a cell to repair double-strand breaks in chromo-
somal DNA would in most cases be expected to have detri-
mental or lethal effects. To preserve the integrity of the ge-
nome, repair of double-strand breaks by homologous
recombination (e.g., sister chromatid exchange) would be the
preferred pathway. It is likely that illegitimate recombination
provides an error-prone fallback mechanism which operates
for cells which fail to repair double-strand breaks by homolo-
gous recombination (e.g., for cells in G,, which cannot undergo
sister chromatid exchange). In this context, it is perhaps to be
expected that the initial steps in processing of double-strand
DNA ends should be common to both illegitimate and homol-
ogous recombination.
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